Artificial sun-synchronous orbits are suitable for remote sensing satellites and useful in giving accurate surface mapping. To design such orbits accurately with arbitrary orbital elements, three control strategies are provided with the consideration of main zonal harmonics up to J 4 and solar radiation pressure (SRP). In this paper, the continuous variable low-thrust control is used as a way to achieve these artificial orbits and given by electric propulsions rather than chemical engines to enlarge lifespan of the spacecraft. The normal continuous low-thrust control is used to illustrate the control strategies. Furthermore, formulas for refinement of normal control thrusts are applied to overcome errors due to approximations. The results of the simulation show that the control strategies explained in this paper can realize sun-synchronous orbits with arbitrary orbital parameters without side effects and the effect of solar radiation pressure is very small relative to main zonal harmonics. A new technique is suggested, ASSOT-3, to minimize fuel consumption within one orbital period more than others. This technique is based on computing the root mean square of the rate of ascending node longitude instead of the average.
List of Abbreviations

Introduction
At the equator, a satellite can pass overhead at the same local time in each revolution through what is called Sunsynchronous orbits (SSO) (or heliosynchronous orbits) by a combination of altitude and inclination in a certain way. In other words, the plane of the SSO rotates at the same rate of the rotation of the Earth around the Sun. The angle of SSO and the Sun is constant (Wang et al. 2011) . SSO are based on the secular variation of the angle of ascending node due to a central body of a non-spherical shape. This asphericity can be used for a useful purpose that is maintaining the orbital plane in a fixed orientation to the Sun. Consequently, SSO can be achieved with a little expulsion of propellant. The period of the orbit is synchronized with the rotation of a central body around the Sun. Such orbits are useful for giving accurate surface mapping. (Wu et al. 2015) and enables Earth observation platforms to repeat region observations over an extended time under similar illumination conditions (Macdonald and Badescu 2014) . Because of the regular precession of orbital plane, the SSO is suitable for remote sensing satellites (Wu et al. 2015) . SSOs that can be realized by control strategies are called artificial sun-synchronous orbits. There are two control ways to realize such orbits: multi-impulsive control and continuous variable low-thrust control (Wu et al. 2014 ). The electric propulsions or chemical engines can provide these controls (Weeden et al. 2008) and (Macdonald et al. 2010) .
The electric propulsion systems are more efficient because they can enlarge the lifespan of spacecrafts and they have high specific impulse (Folcik 2008) . As a proper example, refer to the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) (Enrico 2008) . A wide range of orbital elements can be selected by using of control strategies compared with natural SSOs. This is shown by simulation. J 2 is the dominant perturbation that causes the precession of ascending node (Abd El-Salam et al. 2006; Rahoma and Deleflie 2014) . However, perturbations due to J 3 , J 4 and SRP are taken into account in this paper. The fuel consumption is related to increment (characteristic) velocity. For this reason, the increment velocity for each control strategy must be calculated in order to optimize the fuel consumption. According to the mean element method, the change averaged rate of ascending node longitude is deduced from Gauss' variation of orbital elements. Then, the normal acceleration must be used to realize SSOs. Finally, we must eliminate residual secular growth by amending methods. The control strategies can achieve SSOs with arbitrary orbital elements. Furthermore, more energy can be saved without any side effect on other orbital elements (Wang et al. 2011 ). There are many modern research papers about SSOs and frozen orbits. (Wang et al. 2011 ) studied SSOs and frozen orbits around the Earth. They provided several control strategies to realize these orbits using continuous lowthrust. Only J 2 perturbation was taken into account. They used amending methods to eliminate the residual secular growth and proposed that the normal control thrust is a function of semimajor axis and eccentricity. Despite (Wu et al. 2014 ) did not use amending methods to obtain accurate values, they developed their research to include J 3 and J 4 . Furthermore, they studied orbits around the Earth and Mars. They proposed that the magnitude of control thrust around the Earth is larger than that of Mars. After that, they developed their studies to include orbits around terrestrial planets Mercury, Venus, the Earth, and Mars with J 2 , J 3 and J 4 perturbations using continuous low-thrust control (Wu et al. 2015) . Earth and Mars have natural SSOs while Venus and Mercury do not have. The normal control acceleration of the artificial SSO around the Mars is less than those of the others. (Kuznetsov and Jasim 2016) researched the dynamic evolution on the initial value of LAN over an interval of twenty years. This was for two families of SSOs with altitudes of 1191 and 751 km. Celestial Mechanics software package were used for this simulation. They proposed that the dynamic evolutions were depending on the initial values of LAN and passages through the shadow of Earth lead to long-period perturbations of the semimajor axis.
This paper focuses on artificial SSOs around the Earth with main zonal harmonics up to J 4 (Rahoma 2014; Rahoma and El-Salam 2014) and SRP. Three control strategies are provided. A new technique, ASSOT-3, is used by a calculation of root mean square of the rate of LAN. The Simulation shows that ASSOT-3 is the best selection to save more energy with no side effect on other parameters.
Secular Growth of LAN due to Constant Thrusts
Assume that ⃗ F is a constant thrust vector and let S, T and W be radial, transverse and normal disturbing acceleration components of the thrust ⃗ F, respectively. To express the relation between such components and the time derivative of the variation of LAN, Gaussian variation of the orbital elements equations can be used. We need only the change rate of LAN,
From Eq. (1),Ω depends only on the normal disturbing acceleration component W. According to the mean element method (Zhou et al. 2008; Brouwer 1959; Masoud et al. 2018) , we deal with the secular change of the LAN. IfΩ avg represents the average ofΩ over one orbital period T∘, then the formula that expresses this average can be written as,
According to Eq. (1), the LAN movement is not a function of time tbut rather of the true anomaly f . Therefore, the conversion from explicit time dependence dt to the true anomaly dependence df in unperturbed case is formulated as: 
Secular Variation of LAN Caused by Main Zonal Harmonics and SRP
Due to the Earth asphericity perturbations, there is a secular change of LAN position. This analysis of asphericity perturbation on orbits through main zonal harmonics J 2 , J 3 and J 4 was proposed by (Kozai et al. 1959 ). According to mean element theory, the mean nodal precession rate due to oblateness is given bẏ
The equation of motion of LAN due to SRP is given from Sun-Synodic Equations of Motion as follows (Lantukh et al. 2015) ,Ω SRP = −1.9143 
Artificial Sun-Synchronous Orbits
The planes of the SSOs is subjected to a synchronous precession with the rotation of the central planet around the Sun (Boain 2004) . The natural SSOs are formed due to many perturbations. The most important perturbation is J 2 . In this paper, also J 4 and the SRP have been taken into account in control strategies to design artificial SSOs. The natural SSOs satisfy the following relation:
whereΩ is the angular speed of the Earth about the Sun and it equals to 0.9865 ∘ day . Since the natural SSOs have to strict constraints on orbital elements, the artificial orbits are needed. There are similar characteristics between the natural and the artificial orbits. However, the orbital parameters can be selected arbitrarily in the case of the artificial orbits. From Gaussian variation of parameters equations (Wu et al. 2014) , the mean nodal precession rate can be changed by normal control thrust. Let the average variation rate consists of three partsΩ ob ,Ω SRP andΩ avg/rms from normal control thrust. Then the artificial SSOs will be satisfied,Ω
Substitute Eq. (1) into Eq. (4) and Eq. (6),
The characteristic (increment) velocity can express the fuel consumption of an orbital period,
There are three diverse control techniques designed to regulate the nodal precession rate. They are ASSOT-1, ASSOT-2 and ASSOT-3. The term "ASSOT" is originated as an acronym for "Artificial Sun-Synchronous Orbit Technique". Only normal thrust is responsible for realizing SSO. a and e have been assumed to be constants in Eq. (11) and Eq. (12). However, there are short and long periodic variations in both a and e. Therefore, the calculation of the average or root mean square ofΩ will not give accurate values for normal continuous low-thrust control. To overcome the effect of constancy of aand e, such a correction must be done. From Eq. (10), (Wang et al. 2011) ,
For every control strategy, the average or root mean square of the nodal precession rate will be expressed as a factor C ASSOT−i of normal continuous low-thrust control W ASSOT−i where i = 1; 2 or 3.
From Eq. (14) and Eq. (15) yields,
Due to the non-included perturbations, Eq. (16) can be corrected with some residuals in the rate of change of LAN as,
By inserting corrected thrust,
From Eq. (16), Eq. (17) and Eq. (18), the corrected thrust will be,
ASSOT-1
In this control strategy, the normal control thrust is constant. The integral in Eq. (11) is independent of the normal thrust (Wang et al. 2011) .
Substitute Eq. (20) into Eq. (10), the normal control thrust will be,
Substitute Eq. (21) into Eq. (13), the increment velocity will be, 
ASSOT-2
The normal component has a constant magnitude whereas the direction is reversed (Wilkins and Kapila 2007) to eliminate the effect of the sign change of the integrand in Eq. (11) at f ∈ [π, 2π] Figure 1 and consequently, the average of the LAN rate will be,
Ωavg is given approximately as, (Wu et al. 2014) ,
Substitute Eq. (24) into Eq. (14), the normal thrust will be,
Moreover, the characteristic velocity will be,
ASSOT-3
In this control strategy, the normal control thrust is constant. The integral in Eq. (11) is independent of the normal thrust. 
Ωrms
Simulation
The Earth's data and the initial orbital parameters of reference orbit used for the simulation of SSOs are mentioned in Table 1 (Wu et al. 2014) . To compare the effect of main zonal harmonics and SRP, the ratioΩ oḃ Ω SRP is 3D plotted twice. One picture represents vs. semimajor axis and eccentricity Figure 2 and the other is vs. semimajor axis and inclination Figure 3 .
It is clear that the effect of main zonal harmonics is roughly at least three orders of magnitude more massive than that of SRP.
As it appears in Figure 4 , the control strategy ASSOT-3 is very close to control strategy ASSOT-2 than that of control strategy ASSET-1, so the comparison of ASSOT-2 with ASSOT-1 is separated than that ASSOT-2 with ASSOT-3. For each technique, the control thrusts are 3D plotted twice. One is vs. semimajor axis and eccentricity, see Figure 5 (in which we compare ASSOT-2 with ASSOT-3) and the Figure 6 (in which we compare ASSOT-1 with ASSOT-2) and the other is vs. semimajor axis and inclination, see Figure 7 (in which we compare ASSOT-2 with ASSOT-3) and Figure 8 (in which we compare ASSOT-1 with ASSOT-2).
Furthermore, the control thrusts and characteristic speeds for all control strategies are fixed for the given data of the Earth and reference orbit in Table 2 . The simulation shows the following:
1. The effect of SRP is very small compared with that of main zonal harmonics. 2. The technique that is illustrated using root mean square, ASSOT-3, saves more energy than those illustrated using averages, ASSOT-1 and ASSOT-2.
Conclusion
There are three suggested control strategies to realize SSOs around the Earth based on main zonal harmonics and SRP. They are ASSOT-1, ASSOT-2 and ASSOT-3. All of these control strategies can achieve SSOs with arbitrary orbital parameters. The magnitudes of their normal control thrusts are different. ASSOT-1 has the largest normal control thrust magnitude while ASSOT-2 and ASSOT-3 have close magnitudes and ASSOT-3 has the smallest one. For this reason, ASSOT-3 is the best option for minimizing fuel consumption. The effect of SRP is much less than main zonal harmonics.
